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Abstract 
This paper describes the development of Bayesian networks for evaluating the trade-offs between water utilization for 
agriculture in Shandong irrigation district and the ecosystems in the Yellow River Estuary. The framework of the 
Bayesian networks includes four parts: the recommended environmental flow represents the reasonable amounts of 
water for the ecosystem; water inflow is the natural hydrological process which can be monitored by hydrological 
stations; the economic analysis evaluates the economic losses after water transfers from agriculture to ecosystem and 
the acceptability of economic compromise by irrigation stakeholders; the ecological analysis calculates the alteration 
of the river sediment and water salinity after different environmental flows were maintained. Nine actions were 
investigated which represented the combinations of different water inflow levels and environmental flows security 
levels. The probability for the economic and the ecological aspects change regularly under different water inflow 
levels. The average economic acceptable indices were 58.2%, 55.5% and 51.3%, which showed a downward trend 
with decreasing levels of flow; while for the ecological aspect, it is the upward trend. At the higher environmental 
flow maintenance level, the economic losses become harder to accept by the irrigation stakeholders, while the 
ecosystem can be maintained in a better situation. Under the current water resource management system, there is not 
an action that can fulfill the economic and ecological needs at the same time. The Bayesian networks presented in this 
paper can assist catchment managers in making more informed decision to manage their water resources.  
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1. Introduction 
Competition for water resources is at the root of many conflicts throughout the world [1], especially the 
conflicts between agriculture and the ecosystem. Approximately 70% of natural water resources are 
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annually diverted from global river systems to supply agricultural irrigation [2]. As worldwide 
populations grow, we will become even more dependent on irrigation processes to ensure sufficient food 
supplies, leading to further reductions in the amount of water that is available to fulfill environmental 
demands [3], which will degrade river and other aquatic ecosystems. There is now considerable effort 
going into reallocated river systems by restoring reasonable environmental flows [4-5], which can be used 
to inform water managers about the water required in the catchment to meet different levels of ecological 
health.  
Considering both the economic and hydrologic components of the water allocation process are 
increasingly important [6], the recommended water for ecosystems is usually difficult to accept for water 
utilization stakeholders because of the production losses caused by the satisfaction of environmental flows. 
It is apparent that achieving a socio-economic and ecological healthy consensus is more important than 
the successful implementation of environmental flow [7]. Understanding the trade-offs between water use 
in agriculture and ecosystem is very important in designing policies to manage or restore ecosystems [8]. 
Furthermore, these trade-offs must be identified and evaluated between stakeholders under different 
management actions, so that we can eventually determine the best solutions between human activities and 
ecosystem protection. However, uncertainty is a central theme in the trade-off analysis of water resource 
reallocation, where different actions need to be brought together to find a solution that is appropriate from 
multiple perspectives.  
To settle this problem, we use the Bayesian networks (BNs), which can be used as a decision support 
tool for considering the influence of different choices on the outcomes [9]. Trade-offs between water 
utilization for agriculture and ecosystems were evaluated in the downstream region of the Yellow River 
basin in China. The aim of the study was to find out the best way to maintain a certain level of 
environmental flows that could be acceptable to the irrigation stakeholders at the same time. This goal 
was achieved through the construction of the BNs which include four parts, (1) determining the 
recommended environmental flow for different ecological health objectives; (2) monitor water inflow by 
the hydrological stations; (3) economic analysis evaluated the economic losses after water transfers from 
agriculture to the ecosystem, by using both the agricultural water shortage model and the production-
losses model; (4) ecological analysis calculated the alteration of the river sediment and water salinity and 
evaluated the ecological health.  
2. Methodology  
2.1 study area 
The Yellow River is the second-largest river in China and the sixth-largest river in the world. In this 
basin, approximately 90% of the total water resources have been used for agricultural development [10-
11]. In recent years, the volume of water diverted for irrigation has increased significantly, particularly in 
the middle section of the Yellow River Basin [12]. The increase in the use of water for irrigation has 
produced a steady decrease in the freshwater inflows to the Yellow River Estuary over several recent 
decades. In the early 1990s, the river dried out annually, with an average of 100 days per year without 
water in the lower reaches. The Shandong irrigation district is an important economic development zone 
and important grain crop production zone in China (Fig. 1). The district is located between the Gaocun 
hydrological station and the Yellow River Estuary in Shandong province, China. The water used for 
agriculture in the Shandong irrigation district is primarily supplied by the Yellow River. To maintain 
reasonable flows within the Yellow River, a specific volume of water inflow is recommended to meet the 
multiple demands of the estuary [13]. RE
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Fig.1. Location of the Yellow River Estuary and the Shandong irrigation district 
2.2 Model construction process 
2.2.1 Identification of BNs structure 
BNs for evaluating trade-offs between water utilization for agriculture and ecosystems in the 
downstream of the Yellow River include four parts (Fig.2) (1) Recommended environmental flow; (2) 
water inflow; (3) the economic analysis aspect; (4) the ecological analysis aspect. Parts (1) and (2) 
represent the decision nodes, the alteration of which can change the outcomes of parts (3) and (4). Part (3) 
includes agricultural water shortages, agricultural production losses and the economic acceptability. In 
this part, we evaluate the economic losses after water transfers from agriculture to the ecosystem, and find 
out if it can be accepted by the irrigation stakeholders. We use the winter wheat and summer corn, which 
are the main crops in Shandong irritation district, as the security crops. In the part (4), we calculate the 
alteration of the river sediment and water salinity after different environmental flows were maintained. 
The reason for selecting the river sediment and water salinity as the ecological indicators is that these two 
parameters correlate directly with water quantity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 The conceptual diagram of the major factors that influence environmental flows 
C3: Agricultural water shortage (winter wheat) C4: Agricultural water shortage (summer corn)
C2: Water inflow
C6: Agricultural production losses (summer corn)C5: Agricultural production losses (winter wheat)
C1: Recommended environmental flow
C7: Economic acceptability
C9: Water salinity
C11: Water salinity dilution effect 
C8: River sediment transport
C10: River sediment transport enhancement
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The action potions for the nodes and the output states are described in Table 1, and should assist in 
interpreting the BNs. 
Table 1 Nodes and the output states in the BNs  
Part Node Description Data source Output states  
1 C1 The amount of water required to maintain the 
health of the ecosystem 
Reference [13] Minimum, medium, and 
maximum levels 
2 C2 Hydrological data from 1955-2005 Monitored in Lijin 
hydrological station 
50%,70% and 90% water 
supply assurance 
3 C3 Agricultural water shortage for winter wheat 
caused by security of environmental flows Equation (1)* 
 
0-2,2-4,4-6,6-8, 8-10, and 
10-12 ×109m3 
C4 Agricultural water shortage for summer corn 
caused by security of environmental flows 
0-2,2-4,4-6, and 6-8×109m3 
C5 Production losses for winter wheat caused by the 
deficit of irrigation water Equation (3)* 
 
0-1000, 1000-2000, 2000-
3000, 3000-4000, and 
4000-5000 kg/ha 
C6 Production losses for summer corn caused by the 
deficit of irrigation water 
0-1000, 1000-2000, and 
2000-3000 kg/ha 
C7 If the economic losses can be accepted by 
irrigation stakeholders  
Consulting with 
irrigation stakeholders  
Acceptable and un-
acceptable 
4 C8 River sediment transport during 1955-2005 Reference [14] 0-0.5, 0.5-1, >1×109t/a 
C9 Water salinity during 1955-2005 Reference [15] 24-26,26-28, and 28-30 ‰ 
C10 The power of water sediment transport 
enhancement after ensuring environmental flows 
Equation (5)* 0-200,200-400, and 400-
600×106t/a 
C11 The water salinity dilution effect after ensuring 
environmental flows 
Equation (6)* 0-1, 1-2, and 2-3 ‰ 
Equation (1): the difference between the environmental flows for the downstream ecosystems and the 
river discharge rates is the amount of water that should be transferred from irrigation to the environment 
[16]. In a sense, this part of the water budget is the agricultural water shortage used to supply the 
environmental flows. We use equation (1) to determine the agricultural water shortage as a function of the 
downstream river discharge rates and environmental flows for the downstream ecosystems: 






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ERRE
S WW
WWWW
W
0
                                                               (1) 
where SW  is the regional agricultural water shortage (m
3), RW  is the river discharge rate recorded at the 
downstream stations of the irrigation districts (m3) and EW  is the environmental flow for the downstream 
ecosystems (m3). If the river discharge rates are greater than the environmental flows, then restrictions on 
the amount of irrigation water are not required, and the amount of water transferred from agriculture to 
the maintenance of environmental flows, SW  , is equal to zero. 
Equation (3): Equation (3) is the production-losses model, which was developed based on the D-K 
model [17]. 
The D-K model was used to evaluate crop yield losses with respect to the relative evapotranspiration 
deficit in different growth stages, the equation is as follows. 
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where mq is the maximum potential crop yield (kg/ha), aq is the actual crop yield (kg/ha), aET  and mET  
are the actual and maximum potential evapotranspiration (mm) and yk  is the crop yield response factor 
(dimensionless). 
In this study, we set sq  to represent the corresponding yield losses ( am qq  ) and set SW  to indicate the 
agricultural water deficiency ( am ETET  ). The ratio of agricultural water shortage to planting area ( SWS ) 
could then be used to represent the water deficiency that was present after the environmental flows were 
secured. Hence, sq the production-loss model was defined as follows: 
SET
Wkqq
m
S
yms 
                                                                             (3) 
where S is the planting area (ha). 
 The planting area, S, and the maximum potential crop yield, mq , derived from [18], the crop yield 
response factor, yk , derived from [17], the potential evapotranspiration, mET , which may be estimated 
based on the following equation [19]: 
0ETkET cm                                                                       (4) 
where 0ET  is the reference crop evapotranspiration (mm) and ck is the crop coefficient (dimensionless). 
The data for 0ET  and ck  were derived from [20]. 
Equation (5): 

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
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0                                                        (5) 
where SSE is the power of water sediment transport enhancement (t/a), RSE  is the amount of sediment 
transport under actual hydrological conditions (t/a) and ESE  is the amount of sediment transport after 
ensuring the environmental flows (m3).  
Equation (6): 

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0                                                      (6) 
where SSA  is the water salinity dilution effect (‰), RSA  is the water salinity under actual hydrological 
conditions (‰) and ESA  is the water salinity after ensuring the environmental flows (‰). 
 
2.2.2 Action development 
The decision nodes described in Table 2 represent a summary of the actions that can be investigated in 
the BNs. Action 1 evaluated the trade-offs between water utilization for agriculture and ecosystems when 
the water supply assurance is 50%, and the environmental flow is above the minimum level. Similar to 
action 1, other actions evaluate the combinations of different water inflow and environmental flows 
security level. 
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Table 2. Action options explored in this paper 
Action number Action description 
Environmental flow level Water inflow level 
1 Minimum 50%  
2 Minimum 70%  
3 Minimum 90% 
4 Medium 50% 
5 Medium 70% 
6 Medium 90% 
7 Maximum 50% 
8 Maximum 70% 
9 Maximum 90% 
3.  Results 
The impact of the actions upon selected nodes is reflected by a change in the output probability, which 
is presented as bar charts, for nodes C7, C10 and C11 are shown in Figs.3-5. 
Fig.3. Economic acceptability under different actions as described in Table 2. 
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Fig.4. Water sediment transport enhancement under different actions as described in Table 2. 
 
Fig.5. Water salinity dilution effect under different actions as described in Table 2. 
The average probabilities for the economic acceptable are 58.2%, 55.5% and 51.3% under the 50%, 
70% and 90% water supply assurance conditions, respectively (Fig.3). The calculated economic losses are 
lower in the wet year than in the dry year when maintained at the same level of environmental flow. This 
could be more acceptable to irrigation stakeholders. The effect for the sediment transport and salinity 
dilution is enhanced when the water supply assurance is relatively high. For example, maintaining the 
high level of environmental flow, the probability for sediment transport enhancement are 2.4% and 12.9% 
for 400-600×106t/a output state; and the probabilities for salinity dilution effect are 0 and 20% for 2-3‰ 
output state under 50% and 90% water supply assurance conditions (actions 7 and 9 in Fig.4 and Fig.5). In 
the same environmental flow maintenance levels, the economic acceptability is decreasing yet the 
ecological conditions are healthier in higher water supply assurance conditions.  
The probability for economic acceptability is relatively high while maintaining the lowest level of 
environmental flow. The probability of economic acceptability for action 3 is 2.2% and 18.4% higher than 
actions 6 and 9, which maintain the medium and maximum level of environmental flows, respectively 
(Fig.3). In the ecological aspect, maintaining higher levels of environmental flow help to improve the 
sediment transport and salinity dilution effect. The probability of enhancing sediment transport is almost 
100% in the 0-200×106t/a level when maintaining the minimum environmental flow, while there is about 
a 13% probability in 200-400×106t/a level when maintaining the maximum environmental flow (Fig.4). 
At different environmental flow maintenance levels, the economic and ecological aspects changed in the 
opposite directions. 
According to the output of the BNs analysis (Fig.3-5), we found that under the current water resources 
management system, water transfers from agriculture to the Yellow River Estuary are likely to have a 
negative impact on agriculture when the environmental flow is maintained at the maximum level. To 
better illustrate this, we take the action 3 as the “base action”, that is we set the impact to agriculture 
(represented by C7) and ecosystem (represented by C10 and C11) as 0. Table 3 showed the impact on 
nodes C7, C10 and C11 for each action.  
 
 
RE
TR
AC
TE
D
2381A.P. Pang and T. Sun / Procedia Environmental Sciences 13 (2012) 2374 – 2382 A.P. Pang et al./ Procedia Environmental Sciences 8 (2011) 2400–2408 2407 
 
Table 3 Impacts on the nodes for each action relative to the outcomes of action 3 (Table 2). 
Node 1 2 3 4 5 6 7 8 9 
C7 + + 0 + + - - - - 
C10 - - 0 - - + + + + 
C11 - - 0 - - + + + + 
0=base action, +=positive change, -=negative change 
In the actions 1, 2, 4, and 5 the impact to agriculture is positive yet to ecosystem is negative. When the 
economic losses are at an acceptable level, the ecological conditions could not reach an ideal state. And 
the situation is totally different in the action 6, 7, 8 and 9. We can conclude that there is not an action that 
can fulfill the economic and ecological needs at the same time. 
4. Conclusions 
This paper discusses the application of BNs techniques using a case study of evaluating trade-offs 
between water utilization for agriculture and ecosystems in the Yellow River. Under the current water 
resource management system, it is difficult to fulfill both the economic and ecological needs at the same 
time. So we can further focus our research towards water saving measures and water transfers from 
outside of the Yellow river, such as the South-to-North Water Diversion Project. 
The BNs presented in this paper are not a finished product, but an initial attempt to assist catchment 
managers in making more informed decisions in the management their water resources. Future research 
into the BNs developed here will include sensitivity analysis of the model structure in order to determine 
if the information used is altered by the structure of the model. 
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